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Abstract
The incremental sheet forming (ISF) process is considered as a feasible solution for forming a variety of small batch and even
customised sheet components. The quality of an ISF product is affected by various process parameters, e.g. sheet material, step-
down, feed rate, tool diameter and lubricant. To produce an ISF part of sufficient quality and accuracy without defects, optimal
parameters of the ISF process should be selected. In the present work, experiments and FE analyses were conducted to evaluate
the influence of the main ISF process parameters including the step-down, feed rate and tool diameter on the formability and
fracture of two types of pure Ti (grade 1 and 2). The Gurson–Tvergaard-Needleman (GTN) damage constitutive model with
consideration of stress triaxiality was developed to predict ductile fracture in the ISF process due to void nucleation, growth and
coalescence. It was found that the ISF parameters have varying degrees of effect on the formability and fracture occurrence of the
two types of pure Ti, and grade 2 pure Ti sheet is more sensitive than grade 1 Ti sheet to the forming parameters due to low
ductility.
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Introduction
Incremental sheet forming (ISF), also often named single
point incremental forming (SPIF), is considered as an innova-
tive technology as compared to traditional sheet metal forming
processes due to the fact that traditional sheet metal forming
processes involve additional costs linked to the equipment and
tooling to be employed and the set-up time. ISF is a flexible
process and the part can be plastically deformed by moving a
hemispherical tool along a programmed path. In the ISF pro-
cess, one important requirement is to obtain parts of the
desired quality without fracture. To achieve this target, the
ISF process parameters such as the step-down, tool diameter
and feed rate should be adjusted before beginning the ISF
process as inappropriate selection of these parameters will
accelerate the fracture and influence the part’s accuracy [1].
Many studies have been performed to evaluate the optimal
parameters of the ISF process. Uniform plastic strain and
thickness distribution can be obtained by reducing the step-
down and increasing the tool diameter and wall angle [2].
When the conventional tool path (constant step depth) is used,
minimum thickness was noted which was closely related to
the tool diameter, and its location was largely determined by
the incremental depth (ΔZ) [3]. The stresses in the contact
region between the tool and the sheet and in the wall of the
ISF part can be reduced by decreasing the step-down [4].
Through an experimental investigation to measure the
forming force in ISF, [5] showed that the step-down has little
effect on the formability of the ISF process. Two experimental
designs were carried out to demonstrate the effect of ISF pa-
rameters. The first design showed that the step-down had an
effect on the ISF formability and that the likelihood of the part
to deform was enhanced by decreasing the step-down. In the
second experiment, the results showed a small effect of step-
down on the maximum wall angle [6]. Many investigations
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have proved that an increased step-down has a detrimental
effect on the ISF formability [7–10].
High ISF formability can be achieved when a smaller tool
diameter is used rather than a large tool diameter [6, 7, 11].
This is because with a small tool diameter, a highly concen-
trated zone of deformation is generated with a high strain
which leads to enhanced formability. On the other hand, a
bigger contact zone created by a large tool diameter leads to
an increased forming force and reduced formability. The max-
imum value of the principal strain and sheet thinning were
noted across the tool’s trajectory on the circumference with
the biggest tool diameter [12]. The major strain at fracture in
ISF was located above the Nakajima’s Fracture forming line
(FFL) when lower tool diameter is used [13]. The effect of
feed rate is considered insignificant as compared to the effect
of tool diameter and step-down [7]. Furthermore, the feed rate
has less effect on formability than the tool’s rotational speed
[14]. However, the formability of ISF can be altered by chang-
ing the feed rate. For example improved formability of the ISF
part can be achieved using low feed rate [6, 15].
Small value of tool diameter to step-down ratio (T/ΔZ) is
important to achieve satisfactory surface finish of commercial-
ly pure titanium (CP Ti) in SPIF [16]. In addition, the form-
ability of CP Ti was enhanced by decreasing the tool diameter,
step-down and feed rate [17]. The step-down value can change
the surface roughness of ISF part, i.e. good surface finish is
obtained with small values of step-down [18, 19]. An exper-
imental investigation was carried out by Bhattacharya et al. [7]
to measure the effect of the step-down on the surface equality
of Al5052 sheet. It was observed from the results the surface
roughness decreases with increasing step-down up to a certain
angle then increases. In addition, the surface finish decreases
with increased tool diameter. Another investigation proved
that the equality of formed part (Ti-6Al-4 V sheet) is influ-
enced by the surface roughness of the tool and the friction
between the sheet and tool but not by the tool radius [20].
Rough surface of ISF part could be obtained with low feed
rate (1200 mm/min) as compared to that obtained with higher
feed rate (8400 mm/min) [21].
It appears from the literature that there is a lack of detailed
understanding and even opposing views on the effect of ISF
process parameters, such as the step-down and feed rate on
fracture occurrence in ISF. It also appears that most attention
has been paid to studying the effect of ISF parameters using
FE simulation without consideration of ductile fracture
criteria. This work aims to provide a better understanding of
the effect of three key forming parameters, namely the step
down, feed rate and tool diameter, and their interactions on the
formability and fracture in the ISF process of pure Ti grade 1
and 2. Experimental testing and FE analysis incorporating the
ductile fracture criteria were used in order to evaluate the
significance of each parameter and to examine the degree of
Fig. 1 True strain-true stress
curve of grade 1 and 2 pure
titanium with different strain rates
Table 1 Mechanical properties of
pure titanium grade 1 and 2 at
strain rate 0.00133 s−1
Material Yield stress
(MPa)
Ultimate tensile stress
(MPa)
Young’s modulus
(GPa)
Poisson’s
ratio
Density (Kg/
m^3)
Ti G1 223.49 363 108 0.34 4505
Ti G2 367 473 105 0.34 4505
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its effect on formability and fracture occurrence. In addition,
the sensitivity of material type to forming parameters is
discussed in this work.
Modelling of ductile fracture in ISF
Understanding the deformation and fracture mechanism in
ISF is very important as it can help to extend the capability
of ISF to manufacture small batch or customised parts for
different applications. Extensive research has been car-
ried out to explain the deformation and fracture mecha-
nism in ISF through theoretical analysis and experimen-
tal testing [22–29]. The results of these studies showed
that the deformation and fracture in ISF part occur due
to different mechanisms i.e. tensile meridional stress,
through thickness shearing and bending.
It is well known that ductile fracture occurs due to micro-
void nucleation, growth and coalescence mechanisms; in or-
der to describe these mechanisms in analytical form in order to
accurately predict fracture, several analytical models were
developed in the literature. However, the most popular model
is Gurson’s model [30], which was modified by Tvergaard
and Needleman [31] (the Gurson-Tvergaard-Needleman
(GTN) model) to incorporate additional parameters e.g.
q1; q2 and q3 ¼ q21. A detailed description of modified GTN
model can be found in [24, 32]. A brief overview of the con-
stitutive equation of GTN damage model is provided in this
section In order to maintain consistency. The modified yield
surface is defined as:
∅ ¼ σq
σy
 2
þ 2q1 f *cosh −
3q2p
2σy
 
− 1þ q3 f *
2
 
¼ 0 ð1Þ
where q1, q2 and q3 are the constitutive parameters proposed
by Tvergaard [33]; σq ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2 SijSij
q
is equivalent to von Mises
stress, with S representing the deviatoric part of the stress
Fig. 2 Load-displacement curve
of pure Ti grade 1 and 2 shows the
stages of determination of the
GTN model parameters
Fig. 3 Microstructure of pure Ti grade 2 before deformation
Table 2 Effect of strain rate on fracture strain of pure titanium grade 1
and 2
Strain rate [s−1] Stain at fracture
Pure Ti grade 1 Pure Ti grade 2
0.00133 0.415 0.237
0.04 0.346 0.2
0.08 0.276 0.173
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tensor; p ¼ − 13 σii is the hydrostatic stress; and σy is the flow
stress of the undamaged material matrix. The parameter f∗was
introduced by Tvergaard-Needleman to account for the final
material failure for void coalescence. This parameter is a func-
tion of the void volume fraction f and is specified as
f * ¼
f if f ≤ f c
f c þ
f F− f c
f f − f c
f − f cð Þ if f c < f < f F
f F if f ≥ f F
8>><
>>:
ð2Þ
Fig. 4 Determination of void
volume fraction at nucleation: a
Microstructure of pure Ti grade 2
shows the voids nucleation and
(b) strain distribution from digital
image correlation at nucleation
Fig. 5 Determination of critical
void volume: a Microstructure of
pure Ti grade 2 shows the voids at
critical stage and (b) strain
distribution from digital image
correlation at necking
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where fc is the critical value of the void volume fraction, and fF
is the fracture value of the void volume fraction when the
material has completely lost its stress carrying capacity. The
function of f F is defined as
f F ¼
q1 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q21−q3
p
q3
ð3Þ
In the GTN model, the initial void volume fraction increases
due to the nucleation of new micro-voids (Eq.4) and the
growth of the old voids (Eq.6) and this model can be used to
predict the fracture under a high triaxiality ratio (ƞ). The GTN
model was modified by Nahshon and Hutchinson [34] by
adding an extension, as defined in Eq.7, to predict the fracture
at zero stress triaxiality (shear state) or even negative
stress triaxiality. Therefore, in the shear modified GTN
model, the increment in the initial void volume fraction
is determined based on the micro-voids’ nucleation,
growth and shear mechanisms.
df nucleation ¼ Adε
p
m ð4Þ
where
A ¼ f N
SN
ﬃﬃﬃﬃﬃ
2π
p e
−0:5 dε
p
m−εN
SN
 2
if p≥0
0 if p < 0
2
664 ð5Þ
where dεpm is the increment of equivalent plastic strain,
εpm is the total equivalent plastic strain, fN is the void
volume fraction of the nucleated void; εN is the mean
value of the normal distribution of the nucleation strain;
and SN is the standard deviation.
df growth ¼ 1− fð Þdεpii ð6Þ
where dεpii is the trace of the plastic strain tensor.
df shear ¼ kw
fω σð Þ
σq
S : ε˙
p ð7Þ
where ω(σ) is a function of the stress state and its value
is determined as:
ω σð Þ ¼ 1− 27J 3
2σ3q
 !2
ð8Þ
The range of ω is between 0 ≤ ω ≤ 1 with all axisymmet-
ric stress states ω = 0 and for all the states of pure shear
plus a hydrostatic contribution ω = 1. kw is a parameter
producing the damage rate in shear loading, and J3 is
the third invariant of the deviatoric stress tensor J3 =
det(S).
Fig. 6 Determination of void
volume fraction at fracture: a
Microstructure of pure Ti grade 2
shows the voids at fracture and
(b) strain distribution from digital
image correlation at fracture
Table 3 GTN damage model parameters of grade 1 and 2 pure titanium
material fo q1 q2 fN εN SN fc ff
Ti G1 0.00138 1.5 1 0.017 0.3 0.1 0.2593 0.3025
Ti G2 0.0052 1.5 1 0.018 0.3 0.1 0.07853 0.11648
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The original GTN model works in the range of high stress
triaxiality while the shear modified GTN model can predict
the fracture under low stress triaxiality. Therefore, Nielsen and
Tvergaard [35] developed the shear extension of Nahshon and
Hutchinson to consider the effect of stress triaxiality [32], as
defined in Eq.9:
ωo ¼ ω σð ÞΩ ηð Þ;with Ω ηð Þ ¼
1; for η < η1
η−η2
η1−η2
; for η1≤η≤η2
0; for η > η2
2
64 ð9Þ
where ω(σ) is given by Eq.8, ƞ1 < ƞ2.
With this addition, the stress triaxiality modified GTN
model can work in the same way as the original GTN model
if ƞ > ƞ2, and as the shear modified GTN model if ƞ < ƞ1.
In this study, the GTN model which considers the effect of
stress triaxiality is used to investigate the effect of ISF process
parameters including the step-down, feed rate and tool diam-
eter, on the deformation and fracture mechanism due to it was
proved this model can predict fracture under different stress
triaxiality conditions.
Experimental testing
Materials characterizations
To determine the material properties of pure titanium grade 1
and 2, specimens were machined and tested according to
British standard specification (BS EN 10002–1). EDM was
used to obtain the tensile specimen from 0.7 mm thick grade 1
pure titanium sheet and 0.8 mm thick grade 2 pure titanium
sheets. The specimens were loaded until fracture occurred.
The tensile test was carried out using an INSTRON 5581
testing machine. To predict the effect of feed rate on the form-
ability and fracture of incremental sheet forming using FE
analysis, tensile test of both types of pure Ti is performed at
Fig. 7 Load-displacement curves with different kw parameter in comparison with Experimental data: a grade 1 pure Ti and (b) grade 2 pure Ti
Fig. 8 Geometric shape of
hyperbolic cone: a CAD model
and (b) cross-section profile
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three strain rates (0.00133, 0.04 and 0.08 s−1). Figure 1 shows
the true stress-true strain curves of grade 1 and 2 pure Ti at
different strain rates. Form the figure, it is observed that the
ultimate tensile strength is increased and fracture elongation
decreased with increased strain rate for both types of pure Ti.
To measure the displacement on the surface of the specimens
during the tensile tests, a Dantec Q-400 DIC (digital image
correlation) system was used. The mechanical properties of
the pure titanium grade 1 and 2 at strain rate 0.00133 s−1 are
summarized in Table 1. The effect of strain rate on the strain at
fracture is reported in Table 2.
To determine the void volume fraction (VVF) values
of grade 1 and 2 pure Ti at the initial and following
stages of deformation, i.e. nucleation, critical and frac-
ture, a tensile test was run with digital image correlation
(DIC) for both materials. The DIC was used to deter-
mine the exact position of the maximum deformation
region on the tensile specimen. Then this region was
cut and scanned under a scanning electron microscope
(SEM) to evaluate the nucleation and the growth of the
voids in the Ti matrix. Figure 2 shows at which load
and displacement stage that the nucleation begins and
this is followed by the critical (the displacement at
which material response shows softening behaviour in
uniaxial tension) and fracture positions in the load-
displacement curve for both grade 1 and 2 pure Ti
specimens. The nucleation in the voids (fN) is started
after the yield point and before the maximum stress
(maximum load). Unfortunately, no threshold is given
for nucleation. Therefore, the tensile test was stopped
at different displacements in order to scan the sample
under SEM to check whether nucleation had started.
The critical value of VVF (fc) is determined when the
tensile force reaches the maximum value and the
necking is started in the samples. The fracture value
of VVF (fF) is determined by scanning the fracture sur-
face of tensile sample.
The SEM’s images were analysed using ImageJ software to
determine the quantitative values of VVF. Figures 3, 4, 5 and 6
explain the technique used to determine the VVF at different
stages. The GTN model parameters for grade 1 and 2 pure Ti
sheets are listed in Table 3.
The parameter producing the damage rate in shear loading
(kw) is located between 1 and 3 (1 < kw < 3) for many alloys
[34], and shear test is used to calibrate its value. In this study
the shear specimen was design according to modified ASTM
B831 shear test [36] and INSTRON 5581 testing machine was
employed to carry out the test at cross head speed (0.1 mm/s).
In order to select the optimum value of kw parameter for both
grades of pure Ti, the value of kw was changed in the FE
simulation to get the best fitting with experimental load-
displacement curve of shear test. Figure 7 shows the compar-
ison between load-displacement curves of experimental and
simulation with different values of kw for both types of pure
Ti. A good agreement between the experimental and FE sim-
ulation load-displacement curves is found when the kw values
are 1.5 for grade 1 pure Ti and 1.6 for grade 2 pure Ti, respec-
tively. Therefore, the kw with values of 1.5 and 1.6 were used
in this investigation to produce the damage rate in shear load-
ing for grade 1 and grade 2 pure Ti, respectively.
Fig. 9 SPIF experiments of pure
titanium sheet: a CNC milling
machine and (b) the fixture that
used to fix the sheet
Table 4 ISF parameters
Factor Level 1 Level 2 Level 3
Step-down (mm) 0.2 0.4 0.6
tool diameter (mm) 8 10 15
Feed rate (mm/min) 1000 2000 3000
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Design of Experiments
A HURCO CNC milling machine (VM10) was employed to
carry out the SPIF tests at ambient temperature for a hyper-
bolic truncated cone shape with varying wall angles, as shown
in Fig. 8. The sheet was fastened using a special fixture as-
sembled on the CNC milling machine as shown in Fig. 9. The
blank size is 140 mm X 140 mm with a sheet thickness of
0.7 mm for grade 1pure Ti and 0.8 for grade 2pure Ti. The tool
path (G-code) was generated using a commercial CAD/CAM
system. To evaluate the effect of ISF parameters on the form-
ability and the fracture location of the grade 1 and 2 pure Ti
hyperbolic truncated cone, three levels of values are employed
as input for each parameter of ISF and their values are listed in
Table 4. The SPIF experimental test was repeated three times
to ensure repeatability of results and the average value is tak-
en. The experimental ISF design is shown in Table 5; this
design was used for both types of pure Ti.
The SPIF test also was carried out to deform a hyperbolic
truncated pyramid with the same profile as the hyperbolic
truncated cone (Fig. 8b) in order to use it with the hyperbolic
truncated cone to construct the FFL; to study the effect of ISF
parameters on the fracture strain level. Two points were re-
corded in the first quadrant of the forming limit diagram: one
in the plane strain zone from the hyperbolic truncated cone
and another one from the biaxial strain zone from the hyper-
bolic truncated pyramid. These two points were used to deter-
mine the slope of the FFL lines. The hyperbolic truncated
pyramid ISF test was done with a step down equal to
0.2 mm and tool diameter of 10 mm. the feed rate was set to
1000 mm/min with non-rotating tool.
The technique was used to construct the FFL of ISF exper-
imentally consist of using a laser to print a grid of circles on
the outer surface of the blank with a 2 mm initial diameter.
These circles were changed to ellipses due to plastic deforma-
tion at the end of ISF testing. An optical microscope was
employed to measure the minor axis dimension of the ellipses.
The procedure used to construct the FFL began by determin-
ing the minor strain just outside the fracture region using plas-
tic strain equation (εminor ¼ ln ddo
 
) based on the initial di-
ameter (do) of the printed circle and the finial length of the
minor axis of the ellipse (d), then the specimen is cut to mea-
sure the thickness along the fracture in both sides to get the
average value of the thickness strain. The major strain was
determined using volume constancy based on the minor and
the thickness strains. Figure 10 shows the deformed circles on
the hyperbolic truncated cone and hyperbolic truncated pyra-
mid of pure Ti grad 1.
FEA model
Abaqus/Explicit was used to establish the 3D FEmodel of ISF
to study the effect of forming parameters on the formability
and fracture in ISF. The truncated conical and pyramidal ge-
ometries with varying forming angles were taken as a bench-
mark in this work. The blank was modelled as a deformable
Table 5 Design of Experiments
Experiment No. Step-down [mm] Feed rate [mm/min] Tool diameter [mm]
1 0.2 1000 10
2 0.4 1000 10
3 0.6 1000 10
4 0.2 2000 10
5 0.2 3000 10
6 0.2 1000 8
7 0.2 1000 15
Fig. 10 The distortion grid on the
deformed SPIF parts: a
hyperbolic truncated cone shape
and (b) hyperbolic truncated
pyramid shape
Int J Mater Form
body with 8-noded hexahedral elements and a reduced inte-
gration method (C3D8R). The material behaviour of sheet
metal was assumed to be isotropic elastic and plastic yielding
(von Mises isotropic yield function), and the forming tool,
backing plate and blank holder were regarded as rigid sur-
faces. Coulomb’s friction law was applied with a friction
coefficient of 0.1 to model the contact between the forming
tool and blank and of 0.2 between the blank and other parts
including the backing plate and the holder. The stress
triaxiality-modified GTN damage constitutive model was de-
veloped and implemented in Abaqus/Explicit via a VUMAT
user subroutine to predict the fracture in the ISF process.
Table 6 Effect of step-down on
the formability and fracture of ISF
grade 1 and 2 pure Ti
Step- down [mm] Pure Ti grade 1 Pure Ti grade 2
Fracture depth [mm] Fracture angle [ο] Fracture depth [mm] Fracture angle [ο]
FE EXP. FE EXP. FE EXP. FE EXP.
0.2 31 32.2 69.45 70.83 13 14.46 47.74 49.83
0.4 30.5 32 68.91 70.62 11.7 12.9 45.92 46.26
0.6 29.5 31.4 67.81 69.98 11.2 11.8 42.47 44.74
Fig. 11 Simulated results of fracture depth (Z-displacement) from the modified GTNmodel with stress triaxiality in comparison to the actual experiment
of the pure Ti grade 1 hyperbolic cone shape with different steps-down
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Fig. 12 Simulated results of fracture depth (Z-displacement) from the modified GTNmodel with stress triaxiality in comparison to the actual experiment
of the pure Ti grade 2 hyperbolic cone shape with different steps-down
Fig. 13 Comparison of vertical forming load with different steps down (DZ): (a) pure Ti grade 1 and (b) pure Ti grade 2
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Typical sheet materials developed by rolling process exhibit
some degree of anisotropy. Abaqus supports more than one
yield criterion, e.g. the Von-Mises and Hill yield criteria. The
Mises yield criterion is used to define isotropic yielding, while
the Hill yield criterion is utilized to define anisotropic yield-
ing. In some studies, Hill’48-GTN yield criterion was devel-
oped to predict the fracture of anisotropic sheet [37, 38]. In
this study, the strength-differential effects and anisotropy of
the Ti materials are neglected.
Solution dependent variable can be defined in the GTN
subroutine to indicate the element is to be removed from the
calculations, with this variable the element removes based on
a predetermined set of specification, e.g. if the void volume
fraction in the element reaches to the critical value. In this
study, the fracture is modelled using element deletion
technique. When the accumulated value of the VVF in the
FE model becomes equal or larger to the experimental value
of VVF, the element in the FE model gets automatically de-
leted from the model.
Results and discussion
Effect of step down
The step-down was set to three values: 0.2, 0.4 and 0.6 mm
(Experiment Nos. 1, 2 and 3, respectively). The experimental
and FE values of the maximumwall angle (fracture angle) and
the fracture depth of the hyperbolic truncated cone under dif-
ferent steps-down are listed in Table 6. It is clear from the table
Fig. 15 FFLs with different steps down (DZ): a pure Ti grade 1 and (b) pure Ti grade 2
Fig. 14 Mises Stress distribution with different steps down (DZ): a pure Ti grade 1 and (b) pure Ti grade 2
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that the influence of step-down on the formability (maximum
wall angle) and fracture depth of grade 1 pure Ti is small as
compared to that of grade 2 pure Ti. However, the experimen-
tal wall angle of grade 1 pure Ti hyperbolic truncated cone
increases by 0.85ο when the step-down is changed from
0.6 mm to 0.2 mm, while the increase in the wall angle of
grade 2 pure Ti is about 5ο.
To validate the capability of the GTN model with the con-
sideration of stress triaxiality to predict the fracture depth ac-
curately with different steps-down in the ISF process, the FE
results were compared with those of the experimental test for
grade 1 and 2 pure Ti, as shown in Table 6 and Figs. 11 and 12.
From the table and the figures, it can be seen that there is a
good correlation between the FEA of the stress triaxiality
modified GTNmodel and the experimental data of the fracture
depth and maximum wall angle.
Figure 13 shows the variation of the vertical forming force
with tool displacement using different steps-down for both
grades of pure Ti. The figure reveals that the forming force
increases with increased step-down; this is due to the fact that
stretching in the wall of the ISF part increases with greater
step-down and this also works to increase the stress distribu-
tion in the forming wall, as shown in Fig. 14, leading to early
fracture in the deformed part.
As the step-down increases, the tensile stress in the forming
wall increases and the level of fracture strain decreases, as
shown in Fig. 15. It is noted from the figure that the values
of major strain decrease with increased step-down for both
types of pure Ti, but the decrease percentage is higher with
pure Ti grade 2. The increase in the tensile stress due to greater
step-down works to enhance the growth of the initial voids
and the nucleation of new voids early and, when the void
Fig. 16 Distribution of the void volume fraction obtained by numerical simulation of the ISF process with different steps-down (DZ): a pure Ti grade 1
and (b) pure Ti grade 2
Fig. 17 Thickness distribution with different steps down (DZ): a pure Ti grade 1 and (b) pure Ti grade 2
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volume fraction reaches a certain value (0.305 in grade 1pure
Ti and 0.116 in grade 2pure Ti), fracture occurs, as shown in
Fig. 16. It is clear from the figure that there is a uniform
growth of void volume fraction in the early stages of defor-
mation with both grades of pure Ti until a certain depth; then,
the void volume fraction curves begin to separate from each
other with rapid growth, followed by a sudden fracture.
Figure 17 shows the effect of step-down on the hyperbolic
truncated cone thickness distribution at fracture. It is evident
that the thinning increases uniformly before reaching the max-
imum value (fracture thickness) in the transition region be-
tween the contact and non-contact zones. Also, it is clear that
more thickness reduction can be achieved with a smaller step-
down as a larger wall angle can be achieved with a small step-
down.
In summary, it can be concluded that formability appears
better with a small step-down than a large step -down with
both types of pure Ti because the large step-down works to
Table 7 Effect of feed rate on the
formability and fracture of ISF
grade 1 and 2 pure Ti
Feed-rate [mm/min] Pure Ti grade 1 Pure Ti grade 2
Fracture depth [mm] Fracture angle [ο] Fracture depth [mm] Fracture angle [ο]
FE EXP. FE EXP. FE EXP. FE EXP.
1000 31 32.2 69.45 70.83 13 14.46 47.74 49.83
2000 29.8 30.9 68.14 69.42 11 11.5 43.73 45.73
3000 28.7 29.7 66.92 68.1 9.9 10.5 41.95 43.74
Fig. 18 Simulated results of fracture depth (Z-displacement) from the modified GTNmodel with stress triaxiality in comparison to the actual experiment
of the pure Ti grade 1 hyperbolic cone shape with different feed rates
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Fig. 19 Simulated results of fracture depth (Z-displacement) from the modified GTNmodel with stress triaxiality in comparison to the actual experiment
of the pure Ti grade 2 hyperbolic cone shape with different feed rates
Fig. 20 Comparison of vertical forming load with different feed rates (V): a pure Ti grade 1 and (b) pure Ti grade 2
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increase stretching in the wall of the ISF part, which leads to
increase the stress distribution with a low level of major strain,
as well as enhancing the growth of initial voids in the pure Ti
matrix to reach the fracture value early.
Effect of feed rate
Three feed rates were employed, i.e. 1000, 2000 and
3000 mm/min (Experiment Nos. 1, 4 and 5, respectively) to
examine the influence of feed rate on the formability and
fracture depth of grade 1 and 2 pure Ti of a hyperbolic trun-
cated cone with a non-rotating tool. The experimental and FE
data on the maximum wall angle and fracture depth of grade 1
and 2 pure Ti are reported in Table 7. From the table, it is
evident that improved formability can be achieved with a
low feed rate for both types of pure Ti. 2.73ο of experimental
wall angle can be earned with grade 1 pure Ti when the feed
rate is changed from 3000 mm/min to 1000 mm/min, while
6.1ο is earned with grade 2 pure Ti.
The predicted fracture depth of the ISF process under dif-
ferent feed rates was validated by the experimental depth, as
shown in Table 7 and Figs. 18 and 19. It is clear that the
fracture depth shows a good correlation between simulations
using Abaqus/explicit with the stress triaxiality modified GTN
model and the experimental measurements.
Figure 20 shows the effect of feed rate on the vertical
forming force. The figure reveals that the ISF force increases
with increasing feed rate for both grades of Pure Ti. This is
attributed to higher strain rate levels; when the feed rate in-
creases, the strain rate increases, as shown in Fig. 21. It is well-
known that high strain has a significant effect on fracture
occurrence; when the strain rate increases, the fracture occurs
Fig. 22 FFL s with different feed rates (V): a pure Ti grade 1 and (b) pure Ti grade 2
Fig. 21 Strain rate distribution with different feed rates (V): a pure Ti grade 1 and (b) pure Ti grade 2
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early. From the mechanical properties of grade 1 and 2 pure Ti
(Fig. 1), it can be seen that the pure Ti grade 1 is more ductile
than grade 2. However, Table 7 and Fig. 21 show the grade 2
pure titanium more sensitive to the feed rate, meaning that the
strain rate has a small effect in high ductility materials.
With a high strain rate, the fracture is accelerated and the
level of strain at fracture is reduced. Therefore, the FFL is
enhanced with a low feed rate, as shown in Fig. 22. The value
of major strain at fracture of grade 1 pure Ti changes from
0.675 to 0.72 when the feed rate changes from 3000 mm/min
to 1000 mm/min, while the FFL of grade 2 pure Ti changes
from 0.34 to 0.38. The level of void volume fraction increases
with the feed rate, as shown in Fig. 23; this is because with a
high strain rate, the forming force increases and this can help
the initial voids to enlarge, leading to an increase in the value
of the void volume fraction in the transition zone between the
contact and non-contact zones, and fracture occurs when the
void volume fraction reaches the fracture value. Earlier studies
have been reported that both size of void and strength proper-
ties increase with the increase of the strain rate [39, 40].
The predicted thickness was compared with that of the
experiment to illustrate the effect of feed rate on thickness
distribution, as shown in Fig. 24. There is a good correlation
in the thickness distribution of the hyperbolic truncated cone
between the GTN model with the consideration of stress tri-
axiality and the measured thickness results from ISF experi-
ments. It is shown that relatively high levels of thinning can be
achieved with a low feed rate (1000 mm/min) due to the fact
that a high wall angle can be achieved with a low feed rate.
In summary, it can be concluded that the low feed rate to
some degree postpones the fracture occurrence in both types
pf pure Ti, although its effect is greater in pure Ti grade 2. It
Fig. 23 Distribution of the void volume fraction obtained by numerical simulation of the ISF process with different feed rates (V): a pure Ti grade 1 and
(b) pure Ti grade 2
Fig. 24 Thickness distribution with different feed rates (V): a pure Ti grade 1 and (b) pure Ti grade 2
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seems that stabilising effects are present with a low feed rate
(low strain rate), which delays damage evolution, as compared
to the ISF test conditions of high feed rate.
Effect of tool diameter
Three sizes of hemispherical head tool, 8, 10 and 15 mm
(Experiment Nos. 6, 1 and 7) were utilized to evaluate the
effect of tool diameter on the formability and fracture depth
of pure Ti grade 1 and 2. Table 8 summarizes the values of
fracture depth and the maximum wall angle of the pure Ti
grade 1 and 2 hyperbolic truncated cone. It is clear from the
table that formability and fracture are enhanced with small
tool diameter. Therefore, the experimental wall angle of grade
1 pure Ti increases by 5.68οwhen the tool diameter is changed
from 15 mm to 8 mm, while 7.65ο is earned with grade 2 pure
Table 8 Effect of tool diameter
on the formability and fracture of
ISF grade 1 and 2 pure Ti
tool diameter [mm] Pure Ti grade 1 Pure Ti grade 2
Fracture depth [mm] Fracture angle [ο] Fracture depth [mm] Fracture angle [ο]
FE EXP. FE EXP. FE EXP. FE EXP.
8 34.5 35.1 73 73.96 15 15.5 49.55 51.2
10 31 32.2 69.45 70.83 13 14.46 47.74 49.83
15 28.5 29.86 66.7 68.28 9.3 10 40.5 43.55
Fig. 25 Simulated results of fracture depth (Z-displacement) from the modified GTN model with stress triaxiality in comparison with the actual
experiment of the pure Ti grade 1 hyperbolic cone shape with different tool diameters
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Ti.The fracture results show that the grade 2 pure Ti is more
sensitive to change tool diameter than grade 1 pure Ti.
The depths of the ISF truncated cone by predicted Abaqus
(stress triaxiality modified GTN model) with different
tool diameters are consistent with one of the actual ex-
periments for both pure Ti types, as shown in Table 8
and Figs. 25 and 26.
Figure 27 illustrates the effect of tool diameter on the ver-
tical forming force of the ISF process. It is seen from the figure
that the forming load varies with different tool diameters and
increases with larger tool diameters for both types of pure Ti;
this is due to a bigger contact zone being created with a large
tool diameter and an increase in the forming force when the
contact zone is bigger. With a small tool diameter, a highly
concentrated zone of deformation is generated in the tool/
sheet contact zone and high strain is obtained, leading to im-
proved formability; as shown in Fig. 28, the value of major
strain is 0.75, 0.72 and 0.67 for pure Ti grade 1, and 0.4, 0.38
and 0.34 for pure Ti grade 2 with tool diameters of 8, 10 and
15 mm, respectively.
The growth of voids increases under high tensile
forming force, resulting in accelerated fracture occur-
rence, as shown in Fig. 29; with a large tool diameter,
the void volume fraction reaches the fracture value ear-
lier. The predicted thinning was compared with the ex-
periment to investigate the effect of tool diameter on
thickness distribution and to validate the applicability
of the stress triaxiality modified GTN model to predict
the accurate thickness at fracture. Figure 30 shows the
thickness distribution of pure Ti grade 1 and 2 with
different tool diameters. It is noted that the significant
thinning occurs with a small tool diameter due to a
higher wall angle being achieved with a small tool di-
ameter; that means that the wall angle has a significant
Fig. 26 Simulated results of fracture depth (Z-displacement) from the modified GTN model with stress triaxiality in comparison with the actual
experiment of the pure Ti grade 2 hyperbolic cone shape with different tool diameters
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influence on the maximum thinning value in the ISF
process. The thickness results showed a good correlation
between the prediction and experimental data. As a re-
sult, with a small tool diameter fracture occurrence is
delayed and formability is enhanced.
The SPIF simulated results by stress triaxiality-modified
GTN damage model correlate well with the actual experiments
with a low percentage of differences as shown in Figs. 11, 12,
18, 19, 25 and 26. These differences can be accounted for by
possible errors in both analyses and experiments. The possible
errors may be due to the lack of detail information of such as
friction conditions and the effect of anisotropy of the Ti mate-
rials which is neglected in this study. Although the SPIF exper-
iments were set up and carried out consistently, there may be
still a degree of variation under SPIF conditions.
Conclusions
A parametric investigation was undertaken in order to provide
a better understanding of the relationship between three key
ISF parameters, namely the step-down, feed rate and tool di-
ameter, and the formability and fracture occurrence of grade 1
and 2 pure Ti using experimental testing and FE analysis in-
corporating the stress triaxiality modified GTN damage mod-
el. In addition, the degree of sensitivity of material types to the
ISF parameters was explained. The following conclusions
may be drawn from the above investigation:
1) The comparison between the experimental results and FE
analysis using the stress triaxiality modified GTN damage
model highlighted its accuracy in predicting fracture
Fig. 28 FFLs with different tool diameters (T): a pure Ti grade 1 and (b) pure Ti grade 2
Fig. 27 Comparison of vertical forming load with different tool diameters (T): a pure Ti grade 1 and (b) pure Ti grade 2
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occurrence in the ISF of truncated hyperbolic cone and
pyramidal shapes with different forming parameters.
2) The step-down, feed rate and tool diameter have different
degrees of effect on the formability and fracture occur-
rence of the ISF process, and the grade 2 pure Ti is more
sensitive to forming parameters than grade 1 pure Ti. The
maximum wall angle of the grade 1 pure Ti hyperbolic
truncated cone increases by 0.85ο, 2.73ο and 5.68ο when
the step-down is changed from 0.6 mm to 0.4 mm to
0.2 mm; the feed rate changes from 3000 mm/min to
2000 mm/min to 1000 mm/min and the tool diameter
changes from 15 mm to 10 mm to 8 mm, respectively,
whereas the increase in the maximum wall angle of grade
2 pure Ti is 5ο, 6.1ο and 7.65ο with the same changes of
the ISF parameters.
3) With the increased step-down, feed rate and tool diameter,
the vertical forming force increases accordingly with both
types of pure Ti. The increase in the forming force with
increased step-down and tool diameter can be attributed
to the increase of material to deform and to the increased
contact area between the tool and the sheet, respectively.
Whilst the increases in feed rate result in a degree of strain
rate hardening effect in ISF.
4) The level of major strain at fracture decreases with in-
creased forming parameters (step-down, feed rate and
tool diameter) for both types of pure Ti.
5) The increases in the step-down, feed rate and tool diam-
eter can help to nucleate new voids in a pure Ti matrix and
accelerate the growth of initial voids, leading to an in-
crease in the value of the void volume fraction in the
transition zone between the contact and non-contact
zones; in addition, fracture occurs when the void volume
fraction reaches a certain value (0.305 in pure Ti Grade 1
and 0.116 in pure Ti grade 2).
Fig. 30 Thickness distribution with different tool diameters (T): a pure Ti grade 1 and (b) pure Ti grade 2
Fig. 29 Distribution of the void volume fraction obtained by numerical simulation of the ISF process with different tool diameters (T): a pure Ti grade 1
and (b) pure Ti grade 2
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6) More thinning can be seen in the wall of the hyperbolic
truncated cone in the transition region between the contact
and non-contact zone when the step-down, feed rate and
tool diameter decrease due to a higher wall angle being
achieved when these parameters are decreased.
7) Increase in feed rate and hence strain rate speeds up frac-
ture occurrence in the ISF process.
8) In this study, the GTN damage model was developed to
predict fracture in the ISF process based on the assump-
tion that the material behaviour of the sheet was isotropic.
The GTN model can be extended to include the effects of
kinematic hardening and anisotropy of the Ti material to
study the effect of hardening behaviour and material an-
isotropy on the location and depth of fracture in ISF.
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